Due to the demand for high welding speed processes, the stability and mechanisms of such techniques have to be investigated and improved. Especially by combining laser and arc processes, interactions are used to increase process stability as well as welding speed. For this, a coaxial laser-plasma hybrid welding process for flux less joining of aluminum was developed. In this paper, the interactions between the laser and the plasma arc within this process are reported. The dominant mechanisms of interaction between laser and plasma arc are identified by varying main parameters like laser power, plasma current, and plasma polarity. This knowledge is needed to understand the process and to guarantee a stable and safe joining.
Introduction
New constructions especially with aluminum alloys with a simultaneous demand for minimization of costs for welding processes by the industry are one of the main goals pushing the development of new welding methods. Some research institutes have developed hybrid welding processes to meet the requirements of the industry. These processes combine advantages of laser processes like high welding speed with low thermal stresses with the ability to break off the oxide layer on aluminum surfaces by plasma. When combining two different processes it is necessary to investigate their interaction. The ability of breaking off the oxide layer in direct current electrical positive (DCEP) configuration of plasma is described in many papers and well discussed [Cui91] . However, literature doesn information about the surface of the influence at hybrid processes including integrated plasma and laser processes. Further investigations are necessary to identify the effect on the surface in combination with the laser plasma hybrid processes. Furthermore, in the literature some information about the interaction between plasma arc and laser beam is given nowadays. In the following, different theories and results are presented and further points of interests are demonstrated. Investigations of WIG-processes by Steen [Ste80] , Cui et al. [Cui91, Cui92] , and Decker et al. [Dec95] as well as investigations of plasma processes by [Gvo95] show that the arc is focused by the laser. Additionally, a potential difference can be measured by switching the laser beam on. It is not clarified which kinds of mechanisms are responsible for these interactions and if one mechanism is dominant. In [Kli07] five effects have been investigated, photoelectrical effect, laser induced radiation, inverse Bremsstrahlung, laser induced plasma and optogalvanic effect. For a cw-laser process the optogalvanic effect is identified as most important effect on the interaction. The latest investigation by [Sch09] suggests that this effect cannot be the dominant mechanism as the laser increases the temperature of the plasma arc by about 1000 K, while the influence on current density is too low. The experiments presented in this paper contact to the investigation on the actual points of interest and gives information about the main mechanisms of interaction between the laser beam and a plasma process on aluminum surfaces.
Goal and scope
In the following, investigations and results with respect to interactions between laser beam and plasma arc are reported. In order to investigate and identify the main mechanisms of interaction two hypotheses shall be clarified. It has to be found out if laser induced metal vapor increases the conductivity of the plasma arc and decreases the voltage over the arc on the one hand. On the other hand it has to be clarified if the influence of the oxide layer on the aluminum surface influences the plasma arc. Main parameters like laser power, plasma current, and polarization of the plasma arc have to be varied to investigate these dependencies.
Experimental

Set-up
For the experiments a coaxial laser plasma welding head is used. The principle is shown in Figure 1 . For the laser plasma welding system a Trumpf HL4006D Nd:YAG laser and a EWM Tetrix 500 AC/DC power source have been utilized. Both systems are combined in one coaxial working head which has been designed and constructed by BIAS and Abicor Binzel. Advantage of this combination is a localized heat input with high intensity due to the laser beam and a reduction of the aluminum oxide layer due to the plasma arc. The working head has been positioned by a gantry system. For monitoring the process a Phantom V 5.1 high speed camera with a sample rate of 4 kHz at a resolution of 640:480 pixel has been integrated. All signals and especially plasma current and voltage have been recorded by a transient recorder with a sample rate of 10 kHz. In order to monitor temporal scaling of all processes all system components arc triggered individually. In Figure 2 the experimental set-up is shown schematically
Methods
The parameter characterizing and quantifying the influence of the laser on the plasma arc is the decrease of the voltage of the plasma arc. The values of the voltage are compared between the hybrid and the single plasma process. The voltage has been measured during the hybrid process at first to avoid influences on the results by an unstable process. Then the laser has been switched off and the voltage has been measured again. In Figure 3 the timescale of the measurement is shown. The following equation is used in this paper to calculate the resulting relative drop in voltage:
Program
Main parameters and their respective settings have been varied in the experimental series. An overview is given in Table 1 . Especially, laser beam power and voltage polarization have been varied for various settings of arc current. Different values of laser power have been selected to cover a wide range from heat conduction to deep penetration welding. All welds have been carried out as bead-on-plate welds in EN AW-6016 having a thickness of 6 mm. Prior joining the sheets were mechanically cut into strips and cleaned with alcohol. In the first range of experiments the alternation of the AC frequency of the plasma arc was splitted at 70 % positive and 30 % negative. The notation -Ar0.5/15/20 -names the flowing rates of the plasma gas, shielding gas 1 and 2.
Results
Effects of the laser power on the plasma arc
The effect of the laser power on the plasma arc voltage at a plasma current of 30 110 A is demonstrated in Figure 4 . All sequences are investigated based on the principle described in chapter 3.2. The difference of the potential for a 30 A plasma process rises from 3 % at a laser power of 1 kW to 16 % at a laser power of 4 kW. The results show that the voltage decrease when switching on the laser beam in addition to the plasma process depends on the laser power. The same phenomenon can be identified for other plasma currents.
The results indicate that the effect of the voltage decrease when switching on the laser power can be reduced by increasing the plasma current. Comparing usage of 30 A and 110 A plasma current the potential difference is 3 % and 1 %, respectively. The effect of an increasing potential difference at higher laser powers can still be identified for all currents. For higher plasma currents the effect is reduced. 
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Effects of the polarity on the plasma
In the following, the effect of the polarity on the interactions between laser beam and plasma arc are reported.
The results shall clarify if the polarity has an influence on the effect of the laser on the arc. Therefore, the polarity has been varied between DCEN (direct current electrical negative) and DCEP (direct current electrical positive). Figure 5 illustrates the influence of the laser on the potential difference for a 30 A (left) and 90 A (right) DCEN plasma arc. The result shows a general difference between the single plasma process and the hybrid process. Especially, it is noticeable that the potential difference is with 11% at 1 kW much higher in this case of DCEN mode than for AC mode. The difference increases up to a value of 18 % by increasing the laser power up to 2 kW. For higher values of laser power the value of the potential difference is constant.
For the DCEN mode 90 A the graph shows a similar characteristic compared to the DCEN 30 A results. A potential difference of about 8 % can be detected for low laser powers. After the formation of a keyhole this effect causes an increase of about 15 %. This can also be identified by analyzing the joint section (figure 6). When switching on the laser the process becomes constant and stable. Marked similarities within the results of 30 A and 90 A at DCEN configuration can also be seen in case of DCEP configuration.
Results for DCEP 30 A configuration are given in figure 7 (left) . In respect to the DCEN mode the potential difference for less laser power shows a significant lower influence on the voltage of the plasma arc. In case of keyhole formation the potential difference increases to a value of more than 7 %. A comparable behavior for the DCEP 90 A configuration is also demonstrated in Figure 7 (right) . The potential differences are quite low at low laser power until the formation of the keyhole. A specimen surface of the DCEP configuration is presented in Figure 8 . In respect to the DC mode a constant cleaning zone of the plasma arc can be identified. When switching on the laser beam the joint has been influenced less than in DCEN configuration. The effect of the laser beam can also be seen in high speed sequences (Figure 9) . Using a laser power of 2 kW a constant and stable process can be identified for both configurations DCEN and DCEP. When switching off the laser power the plasma arc f f of DCEN configuration becomes unstable instantly. The arc changes its attachment points on the aluminum surface rapidly. In contrast, the plasma arc at the DCEP configuration is only influenced a little by the discontinuation of the laser beam. Furthermore, the high speed recordings indicate a cleaning zone due to the plasma arc. However, an influence of the laser beam on the formation or contraction of the plasma arc cannot be detected. The investigation on the influence of the polarity also includes values between DC and AC configuration. To do this, the balance of negative and positive alternation has to be varied. Figure 10 shows the potential difference versus balance. The balance has been varied systematically. With an increasing part of negative alternation the part of positive alternation decreases. The graph illustrates potential differences for all measurements. In case of a dominant positive alternation the potential difference is about 4 %. The potential difference increases with increasing negative alternation. 
Discussion
It has been identified that the laser beam has an influence on the plasma arc depending on the intensity and polarity of the plasma.
It has to be clarified if a laser induced metal vapor increases the conductivity of the plasma. The effect has been quantified by measuring the voltage over the plasma arc. It has been observed for all applied laser powers that a potential difference occurs when switching off the laser beam. The difference rises by increasing the laser power. By increasing the plasma current this effect reduces.
The plasma arc has higher cleaning efficiency at higher currents. Thus, the arc is able to stabilize itself. In contrast, the direct influence of the laser beam on the arc is negligible. This phenomenon suggests an indirect interaction between laser and plasma arc like laser induced metal vapor. When switching on the laser, potential differences have been identified. This effect has not been influenced by the laser power. The surface of the aluminum was melted by the laser. This results in vaporizing of material. The metal vapor increases the conductivity of the plasma arc which causes a reduction of the voltage of the plasma. Therefore, the plasma arc is focused on the laser spot. This effect would rise according to the amount of metal vapor. This fact leads to the suggestion that the plasma arc would not be influenced by a direct interaction with the laser beam but rather by an indirect effect on the melting material induced by the laser.
For the investigation of the stabilization of the laser beam on the plasma arc by breaking off the dielectrical surface of the aluminum alloy, experiments have been conducted with different polarizations.
The results in Figure 5 at DCEN configuration show a general influence of the laser on the plasma arc which is independent of the plasma current. The formation of a keyhole at a laser power above 2 2.5 kW fortifies the potential difference. The general influence of the laser beam on the potential difference of the plasma can be explained by breaking off the oxide layer due to the laser instead of the plasma. At DCEN configuration the plasma arc has not been able to remove the oxide layer of the aluminum surface. When the laser beam has been switched on, the aluminum has melted and the oxide layer has broken off. Furthermore, no new formation of the oxide layer has taken place under the plasma arc because of shielding gas and the plasma arc itself which has been focused on the gap in the dielectrically layer formed by the laser beam. The arc is more stable and the voltage decreases due to the better conductivity of aluminum compared to its oxides.
On the other hand, Figure 7 show the results of the DCEP configuration. In the band of low laser power an influence of the laser beam on the plasma arc has not been identified. After exceeding the intensity which has caused a formation of a keyhole a potential difference has been appeared.
The oxide layer of the aluminum has been broken off at a DCEP configuration. The laser beam only influences the plasma arc by vaporizing the metal which increases the conductivity of the plasma arc. The dominant effect that leads to an increase of the potential differences of about 2.5 kW is the formation of a keyhole and the increasing metal vapor in the plasma. These effects document that the effects of a laser induced metal vapor and a removing of the oxide layer are overlaid by each other.
Investigations on the interaction for DCEN, DCEP and AC configurations show the amount of positive alternation which is needed to break off the oxide layer sufficiently and enables a reduction of the thermal stress of the electrode. The experimental results demonstrate that with positive alternation parts of 60% or higher the influence of the laser power decreases to a minimum. Caused by this effect it can be said that the plasma arc is stable and breaks off the oxide layer sufficiently in case of a dominant positive alternation.
Conclusion
The results show that two dominant mechanisms of interaction between laser beam and plasma arc in hybrid joining can be identified. The plasma arc is mainly influenced by the vaporization of aluminum due to the laser beam which results in an increase of the conductivity of the medium within the plasma arc. The laser beam causes a decrease of the voltage of the plasma and a focusing of the arc on the laser spot. The arc is stable when the dialectical layer on the aluminum surface is removed by the laser or by the plasma itself.
